INTRODUCTION
Recently, there have been a growing number of efforts to overcome confusion, ambiguity, and contradictions in the usage of terms and clarification of their definitions in the field of sampling. The IUPAC Recommendations, "Nomenclature for sampling in analytical chemistry", published in 1990 [4] , and the ISO standard 11074-2, "Soil Quality -Vocabulary -Part 2, 1998" [1] , are the most widely used terminology documents related to soil sampling. However, recent developments and studies of various sampling aspects (i.e., uncertainty quantification, method validation, comparison of sampling tools, and strategies) require new concepts to be developed and also some new terms to be introduced for their description.
One of the outcomes of the SOILSAMP international project, funded and coordinated by the Italian Environmental Protection Agency (APAT, Italy) and aimed at assessing the uncertainty associated with soil sampling in agricultural, semi-natural, urban, and contaminated environments, was an updated terminology in sampling.
This document is the result of that effort, and is intended to present terms and definitions to be used in the field of soil sampling and sampling uncertainty. A set of geostatistical terms, of interest in Fig. 2 Relationships of analytical operations. 1 IUPAC, 1990 considers the composite sample only with reference to sampling of bulk material when more increments from the bulk are combined to obtain a physically averaged sample. However, the term "composite sample" is not specified.
Sampling (ISO 11074-2, 1998) [1] : "Process of obtaining a sample" 7 ;
Sampling design (ISO 11074-2, 1998) [1] : "Arrangement by which a sampling programme is to be conducted" 8 ;
Sampling device (ISO 11074-2, 1998) [1] : "Apparatus/tool to obtain a sample"; Sampling pattern/sampling strategy: "The result of the selection of the sampling points within a sampling site" 9 ;
Sampling plan (IUPAC, 1990; ISO 11074-2, 1998) [1,4]: "Predetermined procedure for the selection, withdrawal, preservation, transportation and preparation of the portions to be removed from a population as a sample"; Sampling point: "The place where sampling occurs within the sampling site" 10 ;
Sampling procedures (ISO 11074-2, 1998) [1] : "Operational requirements and/or instructions relating to the use of a particular sampling plan"; Sampling site: "A well delimited area, where sampling operations take place" 11 ;
Sampling techniques (ISO 11074-2, 1998) [1] : "All appropriate procedures and sampling devices used to obtain and describe samples of soil, either in the field or during transportation and in the laboratory";
Simple random sample (ISO 11074-2, 1998) [1] : "Sample of n items taken from a population of N items in such a way that all possible combinations of n items have the same probability of being taken"; Stratification (ISO 3534-1, 1993) [2] : "The division of a population into mutually exclusive and exhaustive sub-populations (called strata), which are thought to be more homogeneous with respect to the characteristics investigated than the total population"; 
SAMPLING UNCERTAINTY TERMINOLOGY
All measurements are affected by uncertainty. This reflects the property of a measurement to determine a range of values that can be reasonably attributable to the quantity subject of the measurement. Many sources could influence the overall measurement uncertainty, and, in general, all of them necessarily should be identified and, if possible, quantified.
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Although scientists have, in general, already accepted these concepts, and a lot of effort has been made by standardization bodies to develop guides and rules, there is still confusion on colloquial usage of terms related to uncertainty. For example, terms such as "error" are normally used instead of "uncertainty", contributing in some cases to possible misunderstanding, and the precise limits of application of the terms are not always well understood. In general, the error can be detected but not quantified, as the true value of a measurement can never be determined. On the contrary, uncertainty is a measurable parameter, being based on the evaluation of the statistical distribution of the results of a series of measurements, described in general by standard deviations and variances.
In the frame of soil sampling and analysis, the uncertainty and all related terms have to be the basis of a common language. If in the analytical field a framework of the uncertainty terminology has been defined, the same effort on sampling has not yet produced a consensus. Sampling affects the analytical results, as well as sample preparation and treatment, contributing to the total measurement uncertainty. Sampling uncertainty can be properly quantified, following different approaches and considering different situations (matrices, environment, parameter, concentration). Sampling uncertainty can be assumed as a parameter of the quality of sampling, in order to compare different sampling strategies/devices, to assess the sampling performance, and, finally, to select an appropriate sampling technique and protocol for stated objectives.
Tools and parameters normally related to the analytical field and QA/QC schemes, such as reference materials, can find some analogs in the sampling field. From this point of view, terms such as "reference sampling" and "reference site" need to be explained. Through a reference sampling on a selected area, which is an intensive sampling performed by a single operator/sampler using a single sample device and following a defined pattern and protocol and the subsequent analysis of the samples collected, a well-characterized reference site can be obtained. Therefore, the quantity of a soil property (i.e., trace element concentration or pedo-chemical parameters, etc.) in each possible sample location within the reference site can be well known with its uncertainty. The reference site is nothing more than a natural matrix reference material for sampling. When not all elements of interest are naturally present in this reference site, but one or more selected elements (of suitable, known, quantity, and concentration) are added and homogenized into the soil, a synthetic reference material for sampling is obtained. Reference sampling: "Characterization of an area, using a single sampling device and a single laboratory, to a detail allowing the set-up of a distribution model in order to predict, with a known uncertainty, element concentrations at any sampling point" 21 ;
Terms and definitions

Accuracy
Reference site: "Area, one or more of whose element concentrations are well characterised in terms of spatial and temporal variability" 22 ; , 1990; ISO 11074-2, 1998) [1,4 ]: "The part of the total error (the estimate from a sample minus the population value) associated with only a fraction of the population and extrapolated to the whole, as distinct from analytical or test error"; Sampling uncertainty: "The part of the total measurement uncertainty attributable to sampling"; True value (ISO, 1993) [2] : "Value consistent with the definition of a given particular quantity".
Sampling error (IUPAC
Uncertainty (of measurement) (ISO, 1993) [2]
: "A parameter associated with the result of a measurement that characterizes the dispersion of the values that could be reasonably attributed to the measurand";
GEOSTATISTICAL TERMINOLOGY
Many of the elaborations made by classical statistics are based on a root assumption: the data must be independent. The real situation, particularly in the soil environment, is that this is not true. A state of non-independence is the most common condition between soil samples and the effect of spatial (or temporal) fluctuation and variability has to be accounted for. In the recent past, geostatistics has been demonstrated to be a useful system for estimation of concentration of elements in soil at unsampled locations. At the same time, it represents a powerful tool suitable for tackling problems associated with models describing the spatial distribution of elements in the soil [5] . This technique enables the data (and the collected samples), taking into account the correlation existing between different soil samples in space (or in time), to be assessed. In Fig. 3 , the flow chart of a hypothetical geostatistic process to be applied to analytical data is illustrated. A preliminary screening, to detect errors (human or instrumental) and mistakes, is needed to avoid adverse influences on the subsequent spatial analysis. Summary statistics allow the main characteristics of the data and their statistical distribution to be understood. Data transformation could be required in case the data are not normally distributed (commonly, a lognormal distribution characterizes the environmental data). Since data can have some long-range (distance) trend over an area, this must be detected and, eventually, removed. Structural analysis allows an experimental (or sample) variogram to be computed from the data. The experimental variogram reveals valuable information about the spatial correlation structure of the data. The spatial variation may not
© 2005 IUPAC, Pure and Applied Chemistry 77, 827-841
Terminology in soil sampling 837 20 The measurement process includes the sampling operation. 21 The term recalls the chance, after an intensive sampling carried out by a single operator/sampler using a single sample device and following a defined pattern and protocol, to adopt models, i.e., based on interpolation technique, describing the spatial distribution of elements within the reference site. 22 The definition originates from the ISO-30 [3] "reference material" term.
necessarily be the same in all directions. This so-called anisotropy must be taken into account, before fitting a suitable model for the variogram. The fitted variogram model allows one to interpolate the data, i.e., to predict the values at unsampled locations. The interpolated results can be displayed as isopleth or isoline maps. Soil sampling uncertainty, as a component of the total measurement uncertainty, can be described and quantified by information obtained through some geostatistical parameters combined with para- meters (standard deviation and variance) from classical statistics. Sill, nugget, and range (see Fig. 4 ) are geostatistical terms that help to account properly for the spatially correlated and uncorrelated components of the variance. The spatially uncorrelated component includes the variance due to analytical operations, sampling, sample preparation/reduction, and other unexplained sources of spatially uncorrelated variance. Kriging: "Suite of interpolation techniques based on regionalized variable theory to predict without bias and minimum variance the value of a variable at unsampled locations " 23 ;
Terms and definitions
Lag: "A user-defined distance class within which the semivariance is computed for a set of data points";
Nugget: "The value of the variogram/semivariogram at near zero lag" 24 ;
Partial sill: "The part of total sill, described in terms of semivariance, minus the nugget" 25 ;
Range: "A parameter of the variogram/semivariogram representing the distance beyond which the variogram becomes constant";
Regionalized variable theory: "The theory that assumes that the spatial variation of any variable can be expressed as the sum of three components, namely a deterministic function describing the structural component having a constant mean or trend, a stochastic, a random spatially correlated residual from the deterministic function, and spatially uncorrelated random Gaussian noise" 26 ;
Sill 23 Different methods of Kriging exist, and these are used depending on the objective of the study and the available data. If a variable is correlated with a secondary variable, which is sampled at more locations, the primary variable may be interpolated using co-Kriging. Disjunctive Kriging is the interpolation model that enables estimation of the probability that at a stated point a value of a variable is below or above a threshold value. If the mean value of a variable is to be predicted at a larger support than the sample support, block Kriging is usually applied. Universal Kriging is the interpolation method used in the presence of a trend of the values of the variables observed. 24 Nugget effect is due to different components of variance, independent to each other, and distinct from the variance linked to spatial variability. Nugget is a variance estimation of the part of the variogram that has no spatial component, comprehensive of variance due to errors in sampling, measurement, short-range spatial variation at distances within the smallest intersample spacing, micro-scale variabilities, and other unexplained spatially uncorrelated sources of variance. 25 The partial sill represents the variance attributable only to the spatially correlated components. 26 The definition is extrapolated from the book Principles of Geographical Information System, edited by P. A. Burrough and R. A. McDonnell, 1998 . 27 The sill is described as a semivariance that assumes the maximum value at the distance beyond which the variables are considered to be spatially uncorrelated. 28 The concept of support is similar to unit, if this is characterized in terms of volume. For example, a support can be a unit of stated length and diameter core. Different supports can produce effects on sample distribution and statistics. 29 The trend is a surface defined by a function of parameters of x-and y-coordinates. 30 The variogram/semivariogram is mainly described by three parameters: sill, nugget, and range.
